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A b s t r a c t  

The per fo rmance and n o i s e  o f  a h i g h  speed 
SR-7A model p r o p e l l e r  under t a k e o f f / l a n d i n g  cond i -  
t i o n s  a r e  cons idered.  The b lade  l o a d i n g  d i s t r i b u  
t i o n s  a r e  o b t a i n e d  by s o l v i n g  t h e  th ree-d imens iona l  
E u l e r  equa t ions  and t h e  sound p ressu re  l e v e l s  a r e  
computed u s i n g  a t i m e  domain approach. 
nominal  t a k e o f f  o p e r a t i n g  p o i n t ,  t h e  b lade  sec- 
t i o n s  near  t h e  hub a r e  l i g h t l y  o r  n e g a t i v e l y  
loaded.  The chordwise  l o a d i n g  d i s t r i b u t i o n s  a r e  
d i s t i n c t l y  d i f f e r e n t  f r o m  those  o f  c r u i s e  cond i -  
t i o n s .  The n o i s e  o f  SR-7A model p r o p e l l e r  a t  
t a k e o f f  i s  dominated by t h e  l o a d i n g  n o i s e ,  s i m i l a r  
t o  t h a t  a t  c r u i s e  c o n d i t i o n s .  The waveforms o f  
t h e  a c o u s t i c  p r e s s u r e  s i g n a t u r e  a r e  n e a r l y  s inu-  
s o i d a l ,  i n  t h e  p l a n e  o f  t h e  p r o p e l l e r .  The com- 
p u t e d  d i r e c t i v i t y  o f  t h e  b lade  pass ing  f requency  
tone  agrees f a i r l y  w e l l  w i t h  t h e  d a t a  a t  nominal  
t a k e o f f  b l a d e  ang le .  
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A t  t h e  

Nomenclature 

CP power c o e f f  i c i  e n t  , P/Pon3D5 

C t  t h r u s t  c o e f f i c i e n t ,  P/Pon2D4 

D b l a d e ( t i p 1  d iamete r  

dCp/dX e lementa l  power c o e f f i c i e n t  

dCt/dX e lementa l  t h r u s t  c o e f f i c i e n t  

J advance r a t i o ,  Uo/nD 

M Mach number 

n r e v o l u t i o n s  p e r  second 

P power 

P s t a t i c  p ressu re  

R b l a d e ( t i p )  r a d i u s  

r r a d i a l  c o o r d i n a t e  

T t h r u s  

t t i m e  

U tunne 

X f r a c t  

a x i a l  v e l o c i t y  

m a l  r a d i u s ,  r/R 

B 

P d e n s i t y  

e t r a v e r s e  a n g l e  

b l a d e  ang le  a t  75 p e r c e n t  r a d i u s  

S u b s c r i p t  : 

0 f r e e  s t ream 

I n t r o d u c t i o n  

The advanced h i g h  speed tu rboprop  i s  emerging 
The as an e f f i c i e n t  means o f  a i r c r a f t  p r o p u l s i o n .  

P rop fan  Tes t  Assessment (PTA) f l i g h t  program has 
v a l i d a t e d  t h e  advanced p r o p e l  1 e r  a i r c r a f t  des ign  
f e a t u r e s .  P rop fan  a i r c r a f t ,  however, may produce 
c o n s i d e r a b l e  n o i s e  i n  t h e  c a b i n  as w e l l  as i n  t h e  
community. I n s t a l l a t i o n  e f f e c t s  can m o d i f y  these  
n o i s e  l e v e l s .  P r o p e l l e r  d r i v e n  a i r c r a f t  a r e  known 
t o  produce more n o i s e  d u r i n g  t a k e o f f  t han  t h e y  
would i n  l e v e l  f l i g h t  a t  t h e  same o p e r a t i n g  p o i n t .  
The a d d i t i o n a l  n o i s e  i s  a t t r i b u t e d  t o  t h e  uns teady  
b lade  l o a d i n g  r e s u l t i n g  f r o m  t h e  ang le  o f  a t t a c k  
( o f  t h e  p r o p e l l e r  a x i s  w i t h  t h e  f l o w  d i r e c t i o n ) .  

A t  t a k e o f f  c o n d i t i o n s  t h e  main concern  i s  t h e  
community n o i s e .  
l e v e l  change i s  due t o  a change i n  b lade  s e t t i n g  
ang le  o r  i n  t h e  l o a d i n g .  The per fo rmance o f  t h e  
h i g h  speed ( s t r a i g h t ,  SR-2 and swept, SR-3) p r o  
p e l l e r  models a t  t a k e o f f ,  c l i m b  and l a n d i n g  reg imes 
was s t u d i e d  by S t e f k o  and J e r a c k i  . l  They t e s t e d  
t h e  a d j u s t a b l e  p i t c h  models a t  Mach numbers Mo 
= 0.1 t o  0.34 i n  t h e  NASA Lewis l O ' x 1 0 '  superson ic  
w ind  t u n n e l .  They genera ted  d e t a i l e d  per fo rmance 
maps f o r  t a k e o f f ,  c l i m b  and l a n d i n g  c o n d i t i o n s  a t  
z e r o  ang le  o f  a t t a c k  o f  t h e  p r o p e l l e r  a x i s  w i t h  
t h e  f l o w  d i r e c t i o n .  They found t h a t  t h e  swept 
p r o p e l l e r  had h i g h e r  e f f i c i e n c i e s  than  t h e  s t r a i g h t  
one, i n  t h e  regimes t e s t e d .  T h i s  appears t o  be 
t h e  o n l y  d e t a i l e d  per fo rmance d a t a  o f  advanced 
p r o p e l l e r s  a v a i l a b l e  i n  these  speed reg imes.  

a e r o a c o u s t i c s  o f  advanced p r o p e l l e r s  a t  t a k e o f f  
and l a n d i n g  c o n d i t i o n s .  They cons ide red  t h r e e  
c o n f i g u r a t i o n s ,  backward swept b lades ,  f o r w a r d  
swept b lades  and a l t e r n a t e l y  f o r w a r d  swept and 
backward swept b l a d e s .  They eva lua ted  b o t h  
aspec ts  o f  n o i s e  and per fo rmance.  
t h a t ,  a t  sma l l  advance r a t i o s  (0 .4  t o  0 .5)  t h e  
mixed c o n f i g u r a t i o n ,  a l t e r n a t e  forward-backward 
swept b lade  system gave t h e  b e s t  r e s u l t s  

A t  z e r o  ang le  o f  a t t a c k  a n o i s e  

F u j i i  e t  a l S 2  s t u d i e d  e x p e r i m e n t a l l y  t h e  

They found 
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aerodynamica l l y .  The s t u d y  o f  n o i s e  l e v e l s  o f  
t h e  t h r e e  c o n f i g u r a t i o n s  showed t h a t  t h e  mixed 
c o n f i g u r a t i o n  produced l e s s  n o i s e  than  t h e  only 
f o r w a r d  swept o r  o n l y  backward swept b lades .  

Recen t l y ,  Woodward3 measured t h e  sound pres-  
su re  l e v e l s  o f  a h i g h  speed p r o p e l l e r ,  SR-7A a t  
s imu la ted  t a k e o f f  / 1  and i  ng c o n d i t i o n s  . 
has e i g h t  h i g h l y  swept, h i g h l y  loaded b lades .  He 
found t h a t  t h e  t o n a l  c o n t e n t  o f  t h e  SR-7A n o i s e  
s p e c t r a  was t y p i c a l l y  l i m i t e d  t o  t h e  f i r s t  t h r e e  
tone  o r d e r s ,  w i t h  h i g h e r  tone  o r d e r s  n o t  p r e s e n t  
o r  masked by t h e  broadband background n o i s e  proba- 
b l y  a s s o c i a t e d  w i t h  f l o w  o v e r  t h e  microphone. 
z e r o  ang le  o f  a t t a c k ,  he found t h a t  an i n c r e a s e  i n  
b lade  s e t t i n g  ang le  i nc reased  t h e  peak n o i s e  l e v e l .  
He a l s o  i n v e s t i g a t e d  t h e  e f f e c t  o f  p r o p e l l e r  ang le  
o f  a t t a c k  on n o i s e  l e v e l .  

p r e d i c t  t h e  per fo rmance and n o i s e  c h a r a c t e r i s t i c s  
o f  SR-7A model p r o p e l l e r  a t  t a k e o f f / l a n d i n g  cond i -  
t i o n s  s t u d i e d  e x p e r i m e n t a l l y  by W ~ o d w a r d . ~  Here, 
On ly  z e r o  degree ang le  o f  a t t a c k  i s  cons idered.  
The per fo rmance c a l c u l a t i o n s  a r e  done by  s o l v i n g  
t h e  th ree-d imens iona l  E u l e r  equa t ions .  The com- 
pu ted  b lade  p ressu res  a r e  used t o  compute t h e  
sound p ressu re  l e v e l  a t  any d e s i r e d  obse rve r  p o s i -  
t i o n ,  employ ing  a t i m e  domain approach. For  com- 
p a r i s o n  w i t h  t h e  measured a c o u s t i c  da ta ,  t h e  com- 
pu ted  power l e v e l  i s  sca led  t o  t h e  measured power 
l e v e l  o f  each r u n .  

The SR-7A 

A t  

The p resen t  i n v e s t i g a t i o n  i s  an a t t e m p t  t o  

Performance and No ise  Computat ions 

The b l a d e  l o a d i n g s  a t  t a k e o f f  c o n d i t i o n s  a r e  
o b t a i n e d  by  s o l v i n g  t h e  th ree-d imens iona l  E u l e r  
equa t ions  employ ing  t h e  m o d i f i e d  ( fo r  f a r - f i e l d  
boundary c o n d i t i o n s )  Denton computer program 
r e p o r t e d  i n  Re f .  4 .  
t h e  s p e c i f i c a t i o n  o f  n o n r e f  l e c t i  ng f a r - f i e l d  
boundary c o n d i t i o n s  produced r e s u l t s  wh ich  were 
i n  good agreement w i t h  exper imen ta l  d a t a  a t  c r u i s e  
c o n d i t i o n s .  D e t a i l s  o f  t h e  f l o w  f i e l d  w i t h i n  t h e  
b lade  passage and t h e  t i p  v o r t e x  were a l s o  found 
t o  be i n  q u a l i t a t i v e  agreement w i t h  p robe/Laser  
Dopp ler  V e l o c i m e t r i c  (LDV) da ta .  

Exper imenta l  d a t a  as w e l l  as t h e  numer ica l  
p r e d i c t i o n s  i n d i c a t e  a s t r o n g  dependence o f  t h e  
t o t a l  power c o e f f i c i e n t  o f  t h e  p r o p f a n  on t h e  
b lade  shape. 
dynamic b l a d e  shape. 
o f  t h e  b l a d e  w i t h  c e n t r i f u g a l  l o a d i n g  was a v a i l a -  
b l e  f o r  t h e  des ign ,  c r u i s e  c o n d i t i o n s .  T h i s  
u n t w i s t  was taken  i n t o  account  i n  t h e  s p e c i f i c a -  
t i o n  o f  b lade  ang les  i n  t h e  numer i ca l  p r e d i c t i o n s  
r e p o r t e d  i n  Ref .  4. Such an e s t i m a t e  o f  t h e  
u n t w i s t  o f  t h e  b lade  f o r  t h e  t a k e o f f  c o n d i t i o n s  i s  
n o t  a v a i l a b l e .  The b lade  s e t t i n g  ang les  used i n  
t h e  p resen t  numer ica l  p r e d i c t i o n s  a r e  t h e  "des ign"  
c o o r d i n a t e s  o f  t h e  b lade .  
w i t h  c e n t r i f u g a l  l o a d i n g  i s  n o t  accounted  f o r  i n  
t h e  p resen t  c a l c u l a t i o n s .  

The b lade  p ressu res  a r e  o b t a i n e d  f r o m  t h e  
th ree-d imens iona l  E u l e r  s o l u t i o n s .  The p r e d i c t e d  
v a r i a t i o n s  o f  t h e  t o t a l  power c o e f f i c i e n t  w i t h  t h e  
b lade  s e t t i n g  ang le  and advance r a t i o  a r e  compared 
w i t h  da ta .  The e lementa l  power and t h r u s t  c o e f f i -  
c i e n t s  a r e  a l s o  computed. 

employ ing  t h e  b lade  p ressu res  o b t a i n e d  f r o m  t h e  

I t  was shown i n  Ref.  4 t h a t  

I t  i s  d i f f i c u l t  t o  de te rm ine  t h e  
An e s t i m a t e  o f  t h e  u n t w i s t  

The b lade  shape change 

The sound p ressu re  l e v e l s  a r e  computed 

aerodynamic code, u s i n g  F a r a s s a t ' s  computer p ro -  
gram f o r  advanced p r o p e l l e r  n o i s e  p r e d i c t i o n s ,  
wh ich  employs a t i m e  domain approach.5 T h i s  f o r -  
m u l a t i o n  i s  v a l i d  f o r  b o t h  near and f a r  f i e l d  
n o i s e  c a l c u l a t i o n s  and hand les  obse rve rs  f i x e d  t o  
t h e  ground frame o r  f i x e d  t o  t h e  a i r c r a f t  f rame. 
I t  uses two forms o f  t h e  s o l u t i o n  o f  t h e  Ffowcs- 
W i l l i a m s  and Hawking equa t ion  w i t h  t h i c k n e s s  and 
l o a d i n g  source  terms o n l y .  
s o n i c  s o l u t i o n  i s  employed f o r  t h e  c a l c u l a t i o n  
depending on t h e  r a d i a t i o n  Mach number. 
new f o r m u l a t i o n 6  was shown t o  p r e d i c t  t h e  h i g h e r  
harmonics a c c u r a t e l y .  S ince  we a r e  i n t e r e s t e d  
he re  o n l y  i n  lower  harmonics (up  t o  3xBPF) t h e  
f o r m u l a t i o n  r e p o r t e d  i n  Ref .  7 i s  used. 

The program uses numer ica l  i n t e g r a t i o n  tech-  
n iques  t o  compute t h e  n o i s e  l e v e l s .  The upper and 
lower  su r faces  o f  t h e  b lade  a r e  d i v i d e d  i n t o  pane ls  
The p ressu re  d i s t r i b u t i o n  on these pane ls  o b t a i n e d  
f r o m  t h e  E u l e r  s o l u t i o n  a r e  used t o  c a l c u l a t e  t h e  
a c o u s t i c  p r e s s u r e  s i g n a t u r e  a t  any obse rve r  p o s i -  
t i o n .  The c o n t r i b u t i o n s  o f  a l l  pane ls  a r e  added 
t o g e t h e r  t o  o b t a i n  t h e  a c o u s t i c  p ressu re  s i g n a t u r e .  
The s i g n a t u r e  f o r  o n l y  one b lade  i s  c a l c u l a t e d .  
The s i g n a t u r e  f o r  seve ra l  b lades  i s  o b t a i n e d  by  
s h i f t i n g  t h e  s i g n a t u r e  for  one b lade  i n  t i m e  and 
summing t h e  p ressu res  f o r  each obse rve r  t i m e  
w i t h i n  a p e r i o d .  
i s  t hen  F o u r i e r  ana lyzed t o  o b t a i n  t h e  n o i s e  spec- 
t rum.  I n  t h e  p r e s e n t  computa t ions ,  t h e  sound 
p ressu re  l e v e l s  a t  e i g h t e e n  a x i a l  l o c a t i o n s  a r e  
used t o  o b t a i n  a good d e f i n i t i o n  o f  t h e  d i r e c t i v -  
i t y  cu rve .  The number o f  p o i n t s  computed f o r  
d i r e c t i v i t y  i s  l a r g e  enough t o  show t h e  l o c a l  
maximum/minimum p resen t ,  i f  any. 

The subson ic  o r  t r a n -  

F a r a s s a t ' s  

The a c o u s t i c  p ressu re  s i g n a t u r e  

D i s c u s s i o n  o f  R e s u l t s  

The c o n f i g u r a t i o n  cons ide red  i n  t h e  p r e s e n t  
s t u d y  i s  t h e  e i g h t  b laded  SR-7A model p r o p e l l e r  
a t  t a k e o f f  c o n d i t i o n ,  f r e e  s t ream Mach number 
= 0.2. The a c o u s t i c  c a l c u l a t i o n s  a r e  c a r r i e d  o u t  
f o r  a 1.68 m s i d e l i n e  co r respond ing  t o  t h e  e x p e r i -  
menta l  s tudy  o f  W ~ o d w a r d . ~  F i g u r e  1 shows t h e  
SR-7A model p r o p e l l e r  i n  t h e  anecho ic  wind tunne l  
f o r  a c o u s t i c  t e s t s .  The NASA Lewis 9 ' x 1 5 '  anecho ic  
w ind  tunne l  i s  l o c a t e d  i n  t h e  l ow  speed r e t u r n  
l o o p  o f  t h e  superson ic  8 ' x 6 '  w ind  t u n n e l .  Acous- 
t i c  i n s t r u m e n t a t i o n  i n  t h e  9 ' x 1 5 '  t u n n e l  c o n s i s t e d  
o f  f i x e d  a r r a y  microphones on t h e  tunne l  f l o o r ,  
near  w a l l  and c e i l i n g  and two microphones on t h e  
r e m o t e l y  c o n t r o l l e d  t r a n s l a t i n g  microphone probe.  
The t r a n s l a t i n g  microphone probe t r a v e r s e d  6.5 m 
o f  t h e  a c o u s t i c a l l y  t r e a t e d  t e s t  s e c t i o n  o f  t h e  
t u n n e l .  The d a t a  used f o r  comparison w i t h  t h e  p re -  
d i c t i o n s  i n  t h e  p r e s e n t  paper a r e  those  o b t a i n e d  
w i t h  t h e  t r a v e r s e  microphone. 

Performance 

The b lade  p ressu re  d i s t r i b u t i o n s  o f  t h e  SR-7A 
model p r o p e l l e r  a t  t a k e o f f  c o n d i t i o n s  a r e  computed 
by s o l v i n g  t h e  th ree-d imens iona l  E u l e r  equa t ions  
employ ing  t h e  m o d i f i e d  Denton computer p r ~ g r a m . ~  
The des ign  c h a r a c t e r i s t i c s  o f  t h e  SR-7A model p ro -  
p e l l e r  a r e  shown i n  Tab le  I .  The nominal  t a k e o f f  
c o n d i t i o n s  a r e  t h e  f o l l o w i n g :  t h e  b lade  ang le  a t  
75 pe rcen t  r a d i u s  = 37 .8" ,  f r e e  s t ream Mach number 
= 0.2, and advance r a t i o  (Uo/nD), J = 0.89. The 
computa t ions  were done f o r  t h r e e  b lade  ang les  and 
t h r e e  advance r a t i o s .  The computed t o t a l  power 
c o e f f i c i e n t s  a r e  compared w i t h  d a t a  i n  F i g .  2. 
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The f i g u r e  shows t h a t  t h e  computed t o t a l  power 
c o e f f i c i e n t  agrees f a i r l y  w e l l  w i t h  t h e  w ind  tun-  
n e l  da ta .  The d i s c r e p a n c i e s  observed may p a r t l y  
be due t o  t h e  f a c t  t h a t  t h e  u n t w i s t  o f  t h e  b lade  
under c e n t r i f u g a l  l o a d i n g  i s  n o t  cons ide red  i n  
these  computa t ions .  

c i e n t  a r e  shown f o r  t h r e e  b l a d e  anq les .  namely. 
The spanwise v a r i a t i o n s  o f  t h e  power c o e f f i -  

32.0, 
b lade  
a long  
power 
r a d i  u 
ang le  
peak 
s l i g h  
peak 
about  

37.8 and 43.6" i n  F i g .  3.  
ang le ,  t h e  l o a d i n g  i nc reases  everywhere 
t h e  b l a d e  span. The peak i n  t h e  e lementa l  
c o e f f i c i e n t  occu rs  a t  about  85 pe rcen t  b l a d e  

f o r  a b l a d e  a n g l e  o f  43.6'. As t h e  b l a d e  
i s  decreased ( t o t a l  power decreased),  t h e  
n t h e  e lementa l  power c o e f f i c i e n t  c u r v e  moves 
l y  i nboard .  For  a b l a d e  ang le  o f  32.0", t h e  
n t h e  e lementa l  power c o e f f i c i e n t  occu rs  a t  
82.5 p e r c e n t  r a d i u s .  Such a movement o f  t h e  

W i t h  i n c r e a s e  i n  

peak i n  t h e ' e l e m e n t a l  power c o e f f i c i e n t  w i t h  t h e  
b l a d e  ang le  was a l s o  found i n  t h e  w ind  t u n n e l  d a t a  
o f  S t e f k o  e t  a1.8 

For t h e  nominal  t a k e o f f  b l a d e  a n g l e  o f  37.8" 
and f r e e  s t ream Mach number o f  0 .2 ,  t h e  v a r i a t i o n s  
o f  t h e  e lementa l  power c o e f f i c i e n t  w i th  advance 
r a t i o  a r e  shown i n  F i g .  4 .  The cu rves  show t h e  
g radua l  i n c r e a s e  i n  l o a d i n g  w i t h  dec reas ing  advance 
r a t i o .  The l o c a t i o n  o f  t h e  peak i n  e lementa l  
power c o e f f i c i e n t  c u r v e  does n o t  change f o r  t h e  
range o f  advance r a t i o s  cons ide red .  

The v a r i a t i o n  o f  t h e  e lemen ta l  t h r u s t  c o e f f i -  
c i e n t  w i t h  t h e  b l a d e  a n g l e  a r e  shown i n  F i g .  5.  
The curves  show a s i g n i f i c a n t  i n c r e a s e  i n  t h e  peak 
t h r u s t  c o e f f i c i e n t  w i t h  b l a d e  a n g l e  as observed i n  
t h e  exper iments .8  The dependence o f  t h e  t h r u s t  
c o e f f i c i e n t  on t h e  advance r a t i o  i s  shown i n  F i g .  6 .  
I t  i s  seen t h a t  t h e  curves  a r e  smooth and show t h e  
expec ted  v a r i a t i o n  a long  t h e  span. A t  c r u i s e  con- 
d i t i o n ~ , ~  a " t r a n s i t i o n  r e g i o n "  i n  t h e  e lementa l  
t h r u s t  cu rve  ( co r respond ing  t o  t h e  b l a d e  shape t r a n -  
s i t i o n )  was observed i n  t h e  case o f  SR-3 model 
p r o p e l l e r .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  such a 
" t r a n s i t i o n  r e g i o n "  i s  absent  i n  F i g s .  5 and 6. 

Sound Pressure  Leve ls  

The a c o u s t i c  c a l c u l a t i o n s  employ t h e  b l a d e  
p ressu res  o b t a i n e d  f r o m  E u l e r  s o l u t i o n s .  The 
sound p r e s s u r e  1 eve1 s a r e  computed employ ing  t h e  
t i m e  domain approach o f  Fa rassa t  and h i s  code for  
advanced h i g h  speed p r o p e l l e r  n o i s e  p r e d i c t i o n s . 7  
The t y p i c a l  b l a d e  l o a d i n g s  t h a t  a r e  used i n  these  
c a l c u l a t i o n s  a r e  shown i n  F i g s .  7 and 8. The 
chordwise  l o a d i n g  d i s t r i b u t i o n  a t  t h r e e  spanwise 
s t a t i o n s ,  namely,  21, 53, and 84 p e r c e n t  span a r e  
shown i n  F i g .  7 .  A t  21 p e r c e n t  span, t h e  low 
b lade  l o a d i n g  i s  c l e a r l y  shown w i t h  a s h o r t  chord  
l e n g t h  h a v i n g  a v e r y  low o r  n e g a t i v e  l o a d i n g .  
Such a l ow  l o a d i n g  was n o t  observed a t  c r u i s e  con- 
d i t i o n s .  Another  n o t i c e a b l e  d i f f e r e n c e  i n  chord-  
w ise  l o a d i n g  d i s t r i b u t i o n  a t  t a k e o f f  c o n d i t i o n s  i s  
t h e  absence o f  t h e  peak i n  t h e  l o a d i n g  near  t h e  
t r a i l i n g  edge. Such peaks a t  c r u i s e  c o n d i t i o n s  
a r e  a s s o c i a t e d  w i t h  t h e  t r a i  1 i n g  edge shock sys- 
tem. Because o f  t h e  low Mach number f low a t  take-  
o f f ,  no  t r a i l i n g  edge shock system e x i s t s  and 
thus  no peak i n  t h e  chordwise  l o a d i n g  near  t h e  
t r a i l i n g  edge i s  expec ted  o r  observed.  F i g u r e  8 
shows t h e  spanwise l o a d i n g  d i s t r i b u t i o n .  T h i s  i s  
s i m i l a r  t o  t h e  b l a d e  l o a d i n g  o b t a i n e d  a t  c r u i s e  
 condition^,^ excep t  t h a t  t h e  b l a d e  s e c t i o n s  near 
t h e  r o o t  a r e  l i g h t l y  loaded and t h e  peak occu rs  
away f r o m  t h e  b l a d e  t i p .  

Because o f  t h e  d i f f e r e n c e  i n  l o a d i n g  d i s t r i -  
b u t i o n s  o f  t a k e o f f  and c r u i s e  c o n d i t i o n s ,  i t  i s  
i n s t r u c t i v e  t o  examine t h e  magnitudes o f  t h e  n o i s e  
components a t  t a k e o f f .  F i g u r e  9 shows t h e  d i r e c -  
t i v i t i e s  o f  t h e  l o a d i n g  and t h i c k n e s s  n o i s e  compo- 
nen ts  and t h e  t o t a l  n o i s e  f o r  t h e  nominal  t a k e o f f  
c o n d i t i o n s .  F i r s t ,  we n o t e  t h a t  t h e  n o i s e  under 
t a k e o f f  c o n d i t i o n s  i s  dominated by t h e  l o a d i n g  
n o i s e .  Secondly,  t h e  l o a d i n g  n o i s e  d i r e c t i v i t y  
does n o t  show a l o c a l  minimum i n  t h e  p lane  o f  
r o t a t i o n  o f  t h e  p r o p e l l e r  as observed i n  t h e  c r u i s e  
c o n d i t i o n s . 9  The peak i n  t h e  t o t a l  n o i s e  d i r e c -  
t i v i t y  occu rs  a f t  o f  t h e  p l a n e  o f  r o t a t i o n  o f  t h e  
p r o p e l l e r  as i n  t h e  c r u i s e  c o n d i t i o n s . 9 ~ ~ 0  The 
appearance o f  t h e  t o t a l  n o i s e  peak a f t  o f  t h e  p ro -  
p e l l e r  i n  t h e  computed sound p ressu re  l e v e l s  i s  
a s s o c i a t e d  w i t h  t h e  n a t u r e  o f  t h e  b l a d e  sweep and 
thus  t h e  same t r e n d  i s  seen a t  t a k e o f f  and c r u i s e  
c o n d i t i o n s .  

D i r e c t i v i t i e s  and Waveforms 

The p r e d i c t e d  d i  r e c t i v i  t i  es o f  t h e  b lade  
pass ing  f requency ,  second and t h i r d  harmonics a r e  
shown i n  F i g s .  10(a) t o  ( c ) ,  f o r  b l a d e  s e t t i n g  
ang les  o f  32.0,  37.8 and 43.6" r e s p e c t i v e l y ,  a t  
t h e  nominal  t a k e o f f  advance r a t i o  o f  0.89. The 
p r e d i c t e d  sound p r e s s u r e  l e v e l s  have been sca led  
t o  account  f o r  t h e  o v e r p r e d i c t i o n  o f  power by 
aerodynamic computa t ions  ( F i g .  2 ) .  A l s o  shown i n  
these f i g u r e s  a r e  t h e  w ind  tunne l  da ta3  f o r  com- 
p a r i s o n .  For  t h e  b lade  ang les  cons idered,  t h e  
peak i n  t h e  BPF tone  n o i s e  occu rs  a f t  o f  t h e  p lane  
o f  r o t a t i o n  o f  t h e  p r o p e l l e r  as observed i n  t h e  
wind tunne l  da ta .  The p r e d i c t e d  BPF d i r e c t i v i t y  
agrees w e l l  w i t h  t h e  d a t a  f o r  t h e  b lade  ang le  o f  
32.0'. A t  h i g h e r  b lade  ang les  d i sc repanc ies  
between t h e  p r e d i c t i o n  and d a t a  a r e  observed. The 
maximum d isc repancy  i n  t h e  p r e d i c t e d  peak n o i s e  
occu rs  a t  43 .6"  and i s  about  5 dB. The peak l e v e l s  
o f  t h e  second harmonics a r e  f a i r l y  w e l l  p r e d i c t e d .  

The i n c r e a s i n g  d i sc repancy  o f  t h e  p r e d i c t e d  
n o i s e  l e v e l s  w i t h  i n c r e a s i n g  b lade  ang le  i s  a t t r i -  
bu ted  t o  t h e  l e a d i n g  edge v o r t e x  and t h e  t i p  vo r -  
t e x  e f f e c t s ,  wh ich  a r e  n o t  t aken  i n t o  account  i n  
t h e  p r e s e n t  computa t ions .  
l e a d i n g  edge v o r t e x  was shown c l e a r l y  i n  R e f s .  11 
and 1 2 .  A s  t h e  b lade  ang le  i nc reases ,  t h e  s t r e n g t h  
o f  t h e  l e a d i n g  edge v o r t e x  i n c r e a s e s .  Accoun t ing  
f o r  t h e  l e a d i n g  edge v o r t e x  and i n  p a r t i c u l a r  t h e  
v a r i a t i o n  o f  t h e  v o r t e x  s t r e n g t h  w i t h  t h e  b l a d e  
ang le  would improve t h e  a reement o f  t h e  p r e d i c -  
t i o n s  w i t h  d a t a .  
i n g  f o r  t h e  change i n  l o a d i n g  due t o  t h e  l e a d i n g  
e d g e l t i p  v o r t e x  a lone  would n o t  improve t h e  p re -  
d i c t i o n s  s i g n i f i c a n t l y .  H e  found t h a t  t h e  i n c l u -  
s i o n  o f  t h e  r a d i a l  f o r c e s  due t o  t h e  l e a d i n g  edge/ 
t i p  v o r t e x  as a d d i t i o n a l  n o i s e  sources would 
improve t h e  p r e d i c t i o n s .  

F i g u r e  1 1  shows t h e  p r e d i c t e d  and measured 
waveforms o f  t h e  a c o u s t i c  p ressu re  s i g n a l  i n  t h e  
p lane  o f  t h e  p r o p e l l e r  a t  t h e  t h r e e  b lade  ang les .  
The waveforms were measured by  t h e  f i x e d  m ic ro -  
phone l o c a t e d  a t  0 .95  m f r o m  t h e  a x i s  o f  t h e  p ro -  
p e l l e r .  The d i s t a n c e  c o r r e c t i o n  has been a p p l i e d  
t o  t h e  d a t a  f o r  comparisons w i t h  t h e  p r e d i c t i o n s  
a t  1.68 m s i d e  l i n e .  T y p i c a l  waveforms averaged 

I 400 r e v o l u t i o n s  and ove r  e i g h t  b lades  have 
been chosen f o r  comparison. The waveforms a r e  
n e a r l y  s i n u s o i d a l .  A t  h i g h  b lade  ang les ,  t h e  
v a l u e  a t  t h e  n e g a t i v e  peak i s  h i g h e r  than  t h a t  a t  

The e x i s t e n c e  o f  t h e  

Hansonlg has found t h a t  account -  
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t h e  p o s i t i v e  peak. 
i n c r e a s e  i n  t h e  d i f f e r e n c e  i n  peak va lues  w i t h  t h e  
b l a d e  ang le  i s  c o r r e c t l y  p r e d i c t e d .  

a f t  o f  t h e  p l a n e  o f  r o t a t i o n  o f  t h e  p r o p e l l e r  
( F i g .  10) .  The v a r i a t i o n  o f  t h e  peak n o i s e  l e v e l  
w i t h  t h e  b lade  s e t t i n g  ang le  i s  shown i n  F i g .  12. 
The d i sc repancy  between t h e  p r e d i c t i o n  and d a t a  
may be s i g n i f i c a n t l y  reduced i f  t h e  r a d i a l  f o r c e s  
produced by  t h e  l e a d i n g  edge v o r t e x  a r e  cons ide red  
as a d d i t i o n a l  n o i s e  sources .  

The measured t r e n d  o f  an 

The peak n o i s e  l e v e l  was observed t o  occu r  

A t  t h e  nominal  t a k e o f f  b lade  ang le  o f  37.8", 
t h e  e f f e c t  o f  advance r a t i o  on t h e  n o i s e  l e v e l  a r e  
shown i n  F i g s .  10(b)  and 13(a) and ( b ) ,  which  show 
t h e  d i r e c t i v i t i e s  o f  t h e  BPF and harmonics.  The 
p r e d i c t e d  BPF tone  l e v e l s  agree  f a i r l y  w e l l  w i t h  
d a t a  i n  a l l  t h e  t h r e e  cases. F i g u r e  14 shows t h e  
waveforms i n  t h e  p l a n e  o f  t h e  p r o p e l l e r  (BPF co r -  
respond ing  t o  each J i s  i n d i c a t e d  on  t h e  f i g -  
u r e ) .  The waveforms a r e  n e a r l y  s i n u s o i d a l  a t  a 
h i g h  advance r a t i o .  
reduced, t h e  d i f f e r e n c e  between t h e  va lues  a t  t h e  
p o s i t i v e  and n e g a t i v e  peaks i n c r e a s e  s i g n i f i -  
c a n t l y .  The l a r g e  v a r i a t i o n s  i n  t h e  peak n o i s e  
l e v e l  w i t h  advance r a t i o  a r e  c o n s i s t a n t  w i t h  t h e  
computed BPF tone  l e v e l s .  The e f f e c t  o f  advance 
r a t i o  on t h e  peak n o i s e  i s  summarized i n  F ig .15 .  
The f i g u r e  shows t h a t  w i t h  i n c r e a s i n g  advance 
r a t i o  ( o r  dec reas ing  r o t a t i o n a l  speed) t h e  agree- 
ment o f  t h e  p r e d i c t e d  peak n o i s e  w i t h  d a t a  i s  
improved . 

I t  appears t h a t  t h e  e x i s t e n c e  o f  t h e  l e a d i n g  
edge v o r t e x  and i t s  i n t e r a c t i o n  w i t h  t h e  t i p  vo r -  
t e x  a r e  t h e  ma jo r  reasons f o r  t h e  d i sc repancy  
between t h e  p r e d i c t i o n  and d a t a . l 1 > l 2  
s o l u t i o n s  o f  t h e  E u l e r  equa t ions  o f  t h e  f l o w  
th rough  t h e  SR-7A model p r o p e l l e r  show t h e  e x i s t -  
ence o f  a l e a d i n g  edge v o r t e x .  
l e a d i n g  edge v o r t e x  and i t s  i n t e r a c t i o n  w i t h  t h e  
t i p  v o r t e x  a r e  b e i n g  i n v e s t i g a t e d .  

A s  t h e  advance r a t i o  i s  

F i n e  g r i d  

The d e t a i l s  o f  t h e  

Conc lud ing  Remarks 

The th ree-d imens iona l  E u l e r  s o l u t i o n s  o f  t h e  
SR-7A model p r o p e l l e r  f l o w  a t  t a k e o f f  c o n d i t i o n s  
p r e d i c t  t h e  t o t a l  power c o e f f i c i e n t s  wh ich  a r e  i n  
agreement w i t h  w ind  t u n n e l  d a t a .  D e t a i l e d  b lade  
l o a d i n g  d i s t r i b u t i o n  d a t a  a r e  u n a v a i l a b l e  f o r  com- 
p a r i s o n .  The sound p ressu re  l e v e l s  have been com- 
pu ted  u s i n g  a t i m e  domain approach. The p r e d i c t e d  
peak n o i s e  l e v e l  i s  2 . 5  d8 lower  than  t h e  measured 
v a l u e  a t  t h e  nominal  t a k e o f f  b lade  ang le .  A t  
h i g h e r  b lade  ang les ,  however, t h e  d i sc repancy  
between t h e  p r e d i c t i o n  and d a t a  i n c r e a s e s .  
i nc reased  d i sc repancy  i s  p r o b a b l y  due t o  t h e  
i n c r e a s e  o f  t h e  s t r e n g t h  o f  t h e  l e a d i n g  edge vo r -  
t e x  w i t h  b lade  a n g l e .  
t h e  l e a d i n g  edge v o r t e x  i s  e v i d e n t  f r o m  t h e  E u l e r  
s o l u t i o n s  o f  t h e  f l o w  f i e l d  and t h e  o i l  f l o w  v i s u -  
a l i z a t i o n  s t u d i e s ,  a more d e t a i l e d  a n a l y s i s  i s  r e -  
q u i r e d  t o  e v a l u a t e  t h e  i n f l u e n c e  o f  t h e  l e a d i n g  
edge v o r t e x  on t h e  p r o p e l l e r  per fo rmance and 
n o i s e .  

The 

A l though  t h e  e x i s t e n c e  o f  
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TABLE I . . SR-7A MODEL PROPELLER DESIGN CHARACTERISTICS 

Diameter .  cm ( i n . )  . . . . . . . . . . . .  62.2 (24.5) 
Number o f  b lades . . . . . . . . . . . . . . . . . .  8 
Design Mach number . . . . . . . . . . . . . . . .  0.8 
Design t i p  speed. m / s e c  ( f t / s e c >  . . . . . .  244 (800) 
Design advance r a t i o  . . . . . . . . . . . . . .  3.06 
Design power c o e f f i c i e n t  . . . . . . . . . . . .  1.45 

I n t e g r a t e d  des ign  l i f t  c o e f f i c i e n t  
A c t i v i t y  f a c t o r  . . . . . . . . . . . . . . . . . .  227 
Design e f f i c i e n c y .  pe rcen t  . . . . . . . . . . . .  79 

Design power l oad ing .  kW/m ( h p / f t >  . . . .  257 (32.0)  
. . . . . . .  0.202 

FIGURE 1 . . PHOTO OF SR-7A MODEL PROPELLER I N  THE ANECHOIC WIND TUNNEL . 
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FIGURE 2. - COMPUTED AND MEASURED POWER COEFFICIENTS, 
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FIGURE 5. - ELEMENTAL THRUST COEFFICIENT VARIATION WITH 
RADIAL DISTANCE AT THREE BLADE ANGLES. 
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RADIAL DISTANCE AT THREE ADVANCE RATIOS. 
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